Fusion splicing technique was explored for the fabrication of two sensing structures based on hollow microsphere FabryPerot cavity. The first sensor proposed was fabricated with a hollow microsphere tip, working as a probe sensor. This structure was studied for lateral load pressure, yielding a 1.56 ± 0.01 nm/N sensitivity. The second sensing structure relied on an in-line hollow microsphere, which allowed the detection of lateral load, with a sensitivity of 2.62 ± 0.02 nm/N. Furthermore, the proposed structure enabled strain sensing, with a sensitivity of 4.66 ± 0.03 pm/µε. The two sensing structures were subjected to temperature, presenting low thermal cross-sensitivity.
INTRODUCTION
Interferometric configurations applied to optical fiber as sensors have been widely researched and developed in the last years. In particular, the low finesse Fabry-Perot presents itself as a great solution for sensing several physical and chemical parameters. The interferometric pattern that this configuration presents results from the interference between two or more reflected waves with different optical paths. The fabrication of optical fiber sensors based on the low finesse Fabry-Perot interferometer have been achieved by metal deposition 1 , chemical etching 2 , by micromachining 3 , and fusion splicing 4 . Although all fabrication techniques present advantages for different applications, fusion splicing is a simple, fast, and highly reproducible technique that does not present chemical hazards which makes it ideal for the fabrication of microsphere based sensors. Microsphere cavities have been proposed by Villatoro et al., by using an arc discharge to form an air bubble between a standard single mode fiber (SMF) and a photonic crystal fiber 5 . The use of a capillary fiber of silica 6 and standard SMF 7, 8 for the fabrication of a hollow microsphere cavity were also demonstrated.
In this work, two different sensing structures based on a hollow microsphere Fabry-Perot cavity are demonstrated. The two sensing configurations are fabricated relying only on the fusion splice technique. The first proposed sensor is a probe configuration, with one hollow microsphere at the tip of the fiber. The second sensor demonstrated is an in-line configuration with one microsphere cavity. The two structures were subjected to lateral loading studies, demonstrating similar responses. The in-line configuration allows strain sensing, achieving high sensitivity. Both sensor structures were tested for temperature variations, showing low thermal cross-sensitivity to the measurands.
SENSOR FABRICATION AND OPERATION PRINCIPLE

Sensor fabrication
The fabrication process of the two sensing structures is schematized in fig. 1 , and the fusion splice program parameters are presented in Table 1 . The splicing machine used in the fabrication process was a Sumitomo 71C. The process starts with fusion splicing a cleaved SMF to a hollow core fiber, as presented in fig. 1(a) , by using the manual Program 1 ( Table 1 ). The center of the electric arc is set on the SMF to prevent the collapse of the hollow core fiber, while being able to join the two fibers. After cleaving the hollow fiber, two consecutive electric arcs are applied at the tip of the fiber, by using the manual Program 2 (Table 1) , to form a thinner microsphere cavity, as shown in fig. 1(c) . The resultant structure is a Fabry-Perot interferometer with a microsphere cavity, as presented in fig. 1 (e). The fabricated sensor showed an air cavity of ~175 µm and a silica wall with ~30 µm width. For the in-line configuration, the manual Program 3 (Table 1 ) was used to join one tip structure previously fabricated to a cleaved SMF, resulting in an optical cavity with ~160 µm, as presented in fig. 1(f) . Figure 1 . Fabrication process of in tip sensor (a-c) and the in-line sensor (a-d). Microscope photograph of (e) the tip sensor and (f) the in-line sensor.
Operation principle
The spectrum of the tip sensor is the result from the interference of three waves with different optical paths. The three waves result from the reflection at the interfaces with different refractive indices: the silica/air, air/silica and the silica/surrounding media interfaces. The dominant interferences are between wave 1 and 2 and between wave 1 and 3, as the interference between the second and third reflected waves can be neglected due to the small width of the microsphere. These interferences result in a beat as observed in fig. 2(a) . The in-line structure presents a much simpler spectrum considering that results from the interference of two waves, making this configuration a two-wave interferometer, as shown in fig. 2(b) . Figure 2 . Reflection spectrum of (a) tip sensor and (b) in-line sensor.
EXPERIMENTAL RESULTS
The interrogation system was composed by a broadband optical source, centered at 1550 nm with a bandwidth of 100 nm, an optical circulator and an optical spectrum analyzer (OSA). The spectra of the sensors were attained in reflection. The two sensors were tested for lateral load and temperature. The in-line structure enables the detection of strain and was also tested for this measurand.
Lateral load tests were carried out for the two sensors for loads that ranged from 0 to ~1.4 N. The variation of load resulted in a wavelength shift in the spectra of the sensors, as presented in fig. 3(a) . A sensitivity of 1.56 ± 0.01 nm/N was achieved for the tip sensor, presenting a result consistent to previous works in the literature 6 . Regarding the in-line structure, a sensitivity of 2.62 ± 0.02 nm/N was achieved. The higher sensitivity may be due to the thinner walls achieved in the fabricated sensor. The temperature response for the two sensors has linear behavior in the tested range. The tip sensor was tested for temperatures between 300 and 500°C, resulting in a 1.90 ± 0.06 pm/°C sensitivity with a cross-sensitivity of 1×10 -3 N/°C. The in-line configuration attained a sensitivity of 1.17 ± 0.03 pm/°C for temperatures ranging from 250 to 600 °C, with a cross-sensitivity of 0.75 ×10 -3 N/°C.
The in-line configuration was tested for strain up to 1000 μɛ, as shown in fig. 3(b) . The sensor presented a sensitivity of 4.66 ± 0.03 pm/µε, with a cross-sensitivity of 0.25 µε/°C to temperature. The achieved sensitivity is almost three times higher than that proposed in the literature 9 .
CONCLUSIONS
Two sensing structures with a hollow microsphere based on Fabry-Perot interferometry were proposed. The two configurations were tested for lateral loading and temperature attaining comparable results in both structures. The first sensor, a tip configuration, showed a sensitivity of 1.56 ± 0.01 nm/N for lateral load tests, with a cross-sensitivity of 1×10 -3 N/°C to temperature. The second proposed structure, an in-line sensor, yielded a sensitivity of 2.62 ± 0.02 nm/N with a cross-sensitivity of 0.75×10 -3 N/°C to temperature. The higher sensitivity for this measurand may be due to the thinner walls presented in this structure when compared to the microsphere of the tip sensor. The in-line configuration allowed strain sensing, for a maximum of 1000 μɛ, attaining a sensitivity of 4.66 ± 0.03 pm/µε, a sensitivity around 3 times higher than that proposed in the literature. The two proposed structures may be suitable for lateral loading sensing in harsh environments. The in-line configuration may be also suited for strain sensing under harsh conditions.
